This work presents a porous crystal plasticity model which incorporates the necessary mechanisms of deformation and failure in single crystalline porous materials. Such models can play a significant role in better understanding the behaviour of inherently porous materials which could be an artefact of manufacturing process viz. 3D metal printing. The presented model is an extension of the conventional crystal plasticity model. The proposed model includes the effect of mechanics-based quantities, such as stress triaxiality, initial porosity, crystal orientation, void growth and coalescence, on the deformation and failure of a single crystalline material. A detailed parametric assessment of the model has been presented to assess the model behaviour for different material parameters. The model is validated using uniaxial data taken from literature. Lastly, model predictions have been presented to demonstrate the model's ability in predicting deformation and failure in polycrystalline sheet materials.
Introduction
Depending upon the manufacturing process a metal can have inherent microvoids which can play a significant role during material deformation and failure. In the last two decades, researchers and scientists have worked on developing phenomenological theories that can be used to predict failure in metals during different loading conditions (for details please see Asim et al., 2017; Siddiq et al., 2012, 2007 and references therein) . Based on the experimental findings (Lou et al., 2012; Weck and Wilkinson, 2008) , a range of constitutive models have been developed in the past to account for void growth and coalescence to predict ductile failure in metals (Fabre`gue and Pardoen, 2008;  multiplicative decomposition of the deformation gradient (F) into elastic (F e ) and a plastic (F p ) component
Based on Figure 1 , the elastic part (F e ) can be decomposed into the symmetric left elastic stretch tension (U e ) and the rotation tension (R e )
Thus, kinematics of the single crystal is given by
Here R e F p is denoted by F Ã representing the plasticity and rotation of the lattice and based on Figure 1 is given by
where F p s is the plastic deformation gradient due to plastic slip while F p v is the plastic deformation gradient due to void growth. The velocity gradient (L) in current configuration B f is given by 
with " m a and " n a define the orientation of the slip system in "
. For plastic velocity gradient inB 2 due to the void growth only, we use the following relationship
with _ g ! 0 for expansion while _ g 0 for contraction and A is a material constant which scales the g . It must be noted that plastic velocity gradient due to void growth is assumed to be purely hydrostatic which is based on the assumption that void growth in FCC crystals is very small for deviatoric part of the deformation (see, e.g. Asim et al., 2017) and previous constitutive models Weinberg et al., 2006) . It must be noted that the effect of void growth on plastic slip (deviatoric part of plastic strain) is not demonstrated here. However, it will be shown later in 'Void coalescence' section that model does incorporate the effect of the presence of void and its growth on the plastic slip activity due to a combined effect of local stress concentrations, triaxialities and shape change as reported in literature (see, e.g. Asim et al., 2017; Mbiakop et al., 2015; Srivastava and Needleman, 2012) .
Substituting equations (7) and (8) into equation (6) and mapping the Schmidt tensors "
Hence L Ã describes the plastic flow due to crystallographic slip, the rotation of the lattice and void growth as referred to the unloaded configuration B 3 .
The velocity gradient (L) in the current state (B f ) can be decomposed as L ¼ _ FF À1 ¼ D þ W where D ¼ symðLÞ and W ¼ skewðLÞ are deformation and spin rate tensors, respectively. We can write the symmetric and skew parts of the velocity gradient (L) as 
Constitutive model
In the present work, a similar approach as proposed by Hill and Rice (1972) and later used by Huang (1991) 
where C is the symmetric elastic tensor with C ijkl ¼ C jikl ¼ C ijlk ¼ C klij . It must be noted that ( r z}|{ r e ) rotate with the crystal lattice, which is related to corotational stress rate on axes rotating with the material (for details see Huang, 1991) .
Using the same analogy as Hill and Rice (1972) and Huang (1991) , the resolved shear stress in slip system a can be related to the conjugate strain measure (plastic slip) for finite deformation as
Substitution and simplification of equation (14) into equation (15) would give the relationship for the rate of change of resolved shear stress in slip system a.
Specific constitutive relations
Based on the discussion in the previous section, one now requires to prescribe the evolution equations for the slip ( a ) in slip system a, evolution of the strength a s of the slip system, hardening laws for lattice strain (h ) and void growth ( g ).
Evolution of plastic slip. Plastic slip rate in slip system a in a rate-dependent material can be estimated using the well-known power law
with _ a 0 is the reference strain rate and a s is the flow strength (strength of the slip system).
Strength of slip system evolution. Evolution of the strength of the slip system a is given in terms of plastic slip rate
with h b denotes the hardening moduli, and sum ranges over all activated slip systems. A range of hardening functions (moduli) are available in the literature (Huang, 1991; Siddiq and Schmauder, 2006; Siddiq et al., 2007) . For the present work, a modified form a simple hardening moduli (Peirce et al., 1982; Siddiq and Schmauder, 2006 ) is used by including the early activation of single crystalline slip systems due to stress concentrations and void growth
where h is self-hardening moduli, h 0 is the initial hardening, 0 is the initial value of current strength, s is the strength after which large plastic flow starts, is the Taylor cumulative shear strain on all slip systems ( ¼ P
, and q is latent hardening constant. ' is activation of slip systems due to void growth and stress concentration. For the present study, it is assumed to be ' ¼ e Às g with s being the material parameter characterising the slip system strength reduction or in other words stress concentration effect.
Void growth rate
For void fraction evolution we use a relationship motivated from RVE-based simulations (Asim et al., 2017) where evolution of a strain-like internal variable (b g ) due to void growth is given by
where B, " h0 and m 2 are the material parameters. B can be considered as the initial reference volumetric plastic strain due to void growth and for spherical voids can be given by
with f 0 is the initial porosity and is given by f 0 ¼ 4 3 r 3 0 for spherical voids, while N 0 is the initial void density and 0 _ is a parameter which represents the rate of void growth with reference to uniaxial loading and is assumed to be
. Also, " h ¼ logðdetFÞ is the hydrostatic strain, and " eq is the equivalent strain. Both " h and " eq account for total deformation, i.e. elastic and plastic strains. " h0 is the reference hydrostatic strain. For zero stresses or strains g is set to be zero.
Void coalescence. There has been models developed in the past which can simulate void coalescence using micromechanics-based yield criterion which account for void coalescence by internal necking or internal shearing (see Benzerga, 2002; Benzerga and Leblond, 2014; Scheyvaerts and Pardoen, 2010; Torki et al., 2015 and references therein) . It has been reported in Ha and Kim (2010) that onset of coalescence strongly depends on the initial orientation of the crystal with respect to loading axis. The orientation effect has been included in the void growth part and will be shown later that initial orientation governs how fast or slow g grows. In this work a void coalescence model similar to is used; it is assumed that as soon as g reaches a critical value ( gc ) the void growth will be taken over by void coalescence, i.e. g is replaced by coal throughout. In the mathematical terms, the strain-like internal variable due to void coalescence ( coal ) is given by
where 1 , 2 and gc are material parameters to be identified from experiments.
Numerical implementation
This section presents an incremental solution procedure for the time integration of the constitutive equations of the porous crystal plasticity. Similar to Huang (1991) , forward gradient time integration scheme is implemented in this work. Plastic slip increment Á a within the time increment Át can be defined as
Using linear interpolation within Át would yield
Subscript of _ a t is the time at which it is computed. is integration parameter and ranges from 0 to 1. For details please see Huang (1991) .
As slip rate is a function of both resolved shear stress and strength of the slip system using Taylor expansion would lead
Increments of current strength of slip system (Á a s ), resolve shear stress (Á a ) and void fraction due to growth (Á g ) are given by
The co-rotational stress increment (Á ij ) is finally given by
where
For a given strain increment (Á" kl ), the increments of void growth (Á g ) is computed using equation (28) while the increments of shear strain (Á a ) in the slip systems are uniquely calculated by substituting equations (26) to (28) into equation (25). Once Á a and (Á g ) are known in terms of the strain increments (Á" ij ), all the other increments can be found through equations (26), (27) and (29).
Parametric assessment of the model
Parametric assessment of the model is being presented in this section. The aim of this assessment is to present the effect of individual model parameters on the stress-strain response for different types of loading. As discussed in the previous section, total deformation of single crystal comprises of the elastic part due to lattice stretching, plastic deformation due to plastic slip in individual slip system and void growth contributions, and lastly the damage initiation and evolution due to void coalescence. Parametric studies have been carried for uniaxial and volumetric (triaxiality ¼ 1, 3) loading to understand the effect of void growth and coalescence parameters on stress-strain response.
Numerical tests have been performed systematically by varying (one by one) first the five material parameters (A, B, " h0 , m 2 , s) associated with void growth. Later on the three material parameters (a 1 , a 2 , gc ) which account for void coalescence are assessed. The rest of the material parameters are kept constant and are given in Table 1 . Figure 2 shows the effect of different material parameters (A, B, " h0 , m 2 , s) associated with void growth for uniaxial test case, where volumetric stress is trðÞ and volumetric strain is logðdetFÞ. Figure 2(a) shows the effect of A on the stress-strain response. A is first introduced in equation (8) for transforming and scaling the internal variable ( g ) associated with void growth into a strain-like variable. Presented model has been assessed for a range of A values from 0.1 to 10. It can be inferred from Figure 2 (a) that the increasing value of A reduces the slope of the softening part of the stressstrain response. It is also found that the softening initiates earlier as the value of A is increased. Effect of variation of parameter B on stress-strain response is shown in Figure 2(b) . B is the initial reference volumetric plastic strain and was introduced in equation (23). It is found that increasing value of B also reduces the slope of the softening part of the stress-strain response along with the reduction of damage initiation strain and strength. Overall, for both A and B resulted into the softer stress-strain response and earlier softening due to void growth with increasing values. " h0 and m 2 were material parameters first introduced in equation (23) with " h0 being the reference hydrostatic strain. Effect of " h0 and m 2 is presented in Figure 2 (c) and (d), respectively. It is found that as the value of " h0 is increased the softening effect diminishes and damage initiation (void growth) strength and strain increases. For m 2 as the value is increased the slope of the softening part of the stress-strain curves increase without significantly affecting the strength at which void growth becomes significant causing faster softening. s being the material parameter characterising the slip system strength reduction or in other words stress concentration effect was first introduced in the context of equation (22). It is found from Figure 2 (e) that as the value of s is increased the stressstrain response seems to be unaffected; however, g evolved faster and its critical value ( gc ) was reached earlier with increasing value of parameter s.
Parametric assessment was performed for different triaxialities. The effect of individual parameters is found to be the same as uniaxial loading and has not been repeated here for brevity. Figure 3 shows the model assessment for the different types of loading triaxialities with the set of parameters discussed in Table 1 . It can be inferred from Figure 3 that the proposed model captures the effect of triaxiality, i.e. as the triaxiality is increased the material shows softer response. Model is also able to capture the effect of earlier initiation of softening due to void growth with increasing triaxialities and this is due to the increased rate of the void growth with increasing triaxialities (as shown in Figure 3(b) ). Figure 4 shows the parametric assessment of the model once g reaches to a critical value ( gc ), i.e. the void growth will be taken over by void coalescence. There are three material parameters which control the coalescence part of the stress-strain curve (a 1 , a 2 , gc ) which in general should be identified from experiments. It is found that variation in a 1 and a 2 values affect the damage evolution part of the stress-strain curves. It can be inferred from Figure 4 (a) that as the value of a 1 is increased the slope of the damage evolution part of the stress-strain curve increases. This indicates that increasing the value of a 1 makes the void coalescence process more sensitive to strain. Figure 4(b) shows the effect of a 2 on the stress-strain curves. It is found that with increasing values of a 2 the slope of the damage evolution part decreases. It is also found that below certain values of a 2 the void coalescence becomes highly sensitive to the strain and material failure becomes almost brittle in a relative sense. As discussed above, gc is the critical value for the onset of the coalescence. Figure  4 (c) shows that increasing the gc increases the strain at which void coalescence begin. 
Finite element-based numerical simulations and validation
To check model capability of capturing actual failure phenomena, the presented material model has been implemented in a user defined material subroutine (VUMAT) and interfaced with ABAQUS finite element software. For validation purposes, material parameters are identified for the uniaxial stress-strain data reported in Ha and Kim (2010) and shown in Figure 5 . The results are for [0 0 1] oriented copper crystals (Table 3) while the identified set of parameters are given in Table 2 . The orientation of single crystal is defined using the same analogy as in Huang (1991) , and Siddiq et al. (2007) , i.e. by giving components of two non-parallel vectors in local and global system. Results show a good agreement between experiments and simulations ( Figure 5 ).
It has been reported in the previous RVE-based studies (Asim et al., 2017 and references therein) that initial crystal orientation has a significant effect on void growth and stress-strain curves. In order to demonstrate the model capability of capturing the orientation effect on stress-strain response, two different orientations (A and B as shown in Table 3 ) were selected and model predictions are plotted in Figure 6 . It can be inferred from Figure 6 that model is clearly able to capture the orientation effect not only in the hardening part but also in the softening part of the stress-strain curves. Model is also able to show the effect of orientation on the final failure (strain to fracture) which has been reported in the literature in the past (Asim et al., 2017 and references therein) . Further orientations from literature, namely orientation [123] from Ha and Kim (2010) and orientations [210] and ½ " 125 from Ling et al. (2016) , are simulated to understand and demonstrate model's response. It is found that peak stress depends on the orientation and qualitatively agrees with unit cell calculations presented in Ha and Kim (2010) and Ling et al. (2016) . It is found that orientation [123] manifests clearly the highest peak stresses and is also higher than the peak stress for orientation [001] in Figure 5 which was also reported by Ha and Kim (2010) . Also, it can be inferred from Figure 7 that softening regime starts earlier for orientation ½ " 125 than orientation [210] which is also in conjunction with the results reported by Ling et al. (2016) .
Conclusions and future directions
A crystal plasticity-based constitutive model has been developed which accounts for the damage due to the void growth and coalescence in the single crystalline framework. A detailed parametric assessment has been performed to understand and clarify the effect of individual parameter on material response during deformation. Finite element-based applications have been presented by identifying material parameters for available data from literature. It is found that the model shows a good agreement with the experiments. The same has then been utilised to verify the experimental findings through finite element-based modelling of the representative microstructure of the material by predicting fracture due to void growth and coalescence inside the microstructure. As an outlook, there exists a complex relationship among matrix anisotropy (slip, twinning, transformation) and microstructure which is under investigation in the group and will be reported in the future. Further directions for this work will include the application of the proposed constitutive model on sheet metal forming process. This will also include a detailed investigation of the material behaviour for various deformation triaxialities during sheet metal forming processes and look for the ways to develop analytical forming limit curves for a specific material to save time and cost, which is an ongoing work in the research group.
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